The article describes investigation of rolling ball stabilization problem on a biaxial platform. The aim of the control system proposed here is to stabilize ball moving on a plane in equilibrium point. The authors proposed a control algorithm based on cascade PID and they compared it with another control method. The article shows the results of the accuracy of ball stabilization and influence of applied filter on the signal waveform. The application used to detect the ball position measured by digital camera has been written using a cross platform .Net wrapper to the OpenCV image processing library -EmguCV. The authors used the bipolar stepper motor with dedicated electronic controller. The data between the computer and the designed controller are sent with use of the RS232 standard. The control stand is based on ATmega series microcontroller.
INTRODUCTION
A biaxial platform with two degrees of freedom described here is type of ball on plate system, where rolling ball can move in two independent directions [7] . The Ball on plate system is an extension of a system called ball on beam which is commonly used for testing different types of control and stability problems [8] . In the ball on beam system, the ball can move in only one axis. The goal remains the same -to stabilize the rolling ball in the middle part of a beam or plate.
One of the example of ball on plate system is a project performed by Mechatronics System Design at Rensselaer Polytechnic Institute [2] . The authors used two brushed DC motors with optical encoders controlled by PWM signal. The motor was used for angle plate rotation positioning and it was connected to the plate by a dedicated spatial linkage mechanism. A resistive touch sensitive glass screen was used to determine the ball position. Resolution of the screen was 1024x1024.The response time of touch panel was about 8-15 ms. In the project the authors applied cascade PID controller with inner and outer control loop.
The publication described fuzzy multi-variable controller for biaxial platform [9] . As the drive the authors used DC motors with incremental encoders and CDD camera. The results show that using the type of control described here can achieve positioning errors equal to: 0,62 mm (for one axis) and 0,56 mm (for the second).
The problem of stabilization or keeping the balance may not concern only the ball on plate system. The stabilization problem also occurs in inverted pendulums. This group of devices include robot balancing on a spherical surface called ballbot. The robot has a single point of contact with the ground and this fact makes the robot unstable. This means that if the control system stops working the robot immediately falls over. The robot is holonomic because it can change direction of a motion (orientation) without rotation (in one point). For this reason the robot is exceptionally agile and characterized by a high maneuverability [3] . The robot designed by students from ETH Zurich has been described in [5] . A key element having a large influence on the stabilization effectiveness is a type of regulation used for positioning and design of proper controller based on it. The most common are PID controller combined with genetic algorithms [4] , LQG [6] or LQR controllers [1] .
MATHEMATICAL MODEL
The mathematical model of biaxial platform has been simplified to a ball rolling on an inclined plane without slipping (Fig. 1) . (1) and (2) Mathematical model presented in this chapter does not depend on the mass and radius of the ball. The input is position of the ball xb or yb, and the output is the angle between platform and X or Y axis.
The model can be saved in Matlab Simulink. This makes preliminary research and the test of the behavior of the platform possible. Theoretical model of the ball on plate has been described in [8] .
TEST STAND
The test stand (Fig. 2) is built from the following elements: -stepper motors, -elements responsible for rotation of the platform and transfer torque from the motors, -platform (plate) on which the stabilized ball moves, -basis on which all components are mounted. The platform can rotate in the two independent axes, because the use of Cardan joints. The mechanism, which was responsible for the transfer of the torque from stepper motor, consists of: one-sided lever mounted on the motor shaft, two ball joints connected by a shaft and bracket used to connect upper ball joint with lower part of the plate.
The vision system is based on digital camera Sony PlayStation Eye. The received image from the camera has the following parameters: 640x480 pixels and 60 Hz. In practice the received frame rate is lower and it depends on the computing power of the received data unit.
The scheme of the control system is presented on Fig. 3 . The communication between the computer and microcontroller is realised with the use of bluetooth interface and the module type HC-05. In the project the authors used microcontroller type ATmega328p. The data is transferred in the following configuration: START bit, 8 data bits, no parity bit, one bit STOP. Transmission speed is equal to 9600 Bps.
CONTROL ALGORITHM
The authors implemented two tasks in control application: one responsible for the ball position detection and send them back via COM port to the PC (Fig. 4) . The second is designed to receive data and control work of motors.
For programming, the authors used a cross platform .Net wrapper to the OpenCV image processing library -EmguCV. The written program can detect circular objects of a specified radius and color. The color can be set by the use of the trackbars. Reaching of the destination point, during one run (Fig. 5) , was achieved by the authors by using a cascade controller with internal and external loop (Fig. 6) . The outer loop controller responsible for ball positioning, defines the moment which the motor shaft is rotating in opposite direction. Inner loop of the controller defines the angle for the motor shaft rotate. The scheme of the controller is shown on the Axis controller consists of two cascades PI and PD controller which is shown on Fig. 7 . The PI controller has been described by the following transfer function:
where:
kp -proportional gain, ki -integral gain.
The PD controller looks as follow:
kvp-proportional gain for PD controller, kd -derivative gain. Symbols used on Fig. 6 and Fig. 7 mean: θx, θy -the angle of rotation of the motor shaft axis X and Y, αx, αy-angle between platform and axis X or Y, e -position error, vxs, vys -signal corresponding to the reference ball speed, ev -speed error.
The position error e is calculated as the difference between the preset and the actual position. The signal goes at the output of the PI controller, corresponding to the reference speed, which is dependent on the size of the position error e and proportional to gain kp PI controller. The speed error ev is calculated as the difference between the reference and the actual speed. The output PD controller is the number of pulses corresponding to angle θ of the motor shaft.
EXPERIMENTAL INVESTIGATION
The accuracy of the ball stabilisation was measured by pushing the ball in four different directions (Fig. 8) . Equilibrium point defines coordinates x = 303 mm and y = 227 mm. The smallest error has been obtained for the axis: X -2 mm and Y -1 mm. During the tests, in some situations, there were much larger errors oscillating about 45 mm.
The authors compared two types of regulators described in detail in chapter 4 (with and without speed controller). Fig. 10 shows ball stabilization process after one move. When the ball rolls to equilibrium point and when it is in right distance from this point, motor shaft rotates in the opposite direction. This leads to a deceleration of the ball and stops the ball in right coordinates. The use of the one of the loop controller (PID) (Fig. 9) causes the ball is not stabilized after one move. The ball runs three times through the equilibrium point before it stops. In this control method the motor shaft rotates in the opposite direction when the ball reaches the equilibrium point. In PI and PD controller motor changes direction of the move, before reaching the point of equilibrium.
The use of PI i PD axis controller enables faster stabilization process and achieves the ball on the balance point (Fig. 10) .
The determination position of the ball by the use of the digital camera leads to some inaccuracies, which is the result of the image resolution: 640x480 pixels. In order to eliminate huge changes in the number of pulses given to the stepper motor the authors applied low-pass filter [9] . Fig. 12 shows the impact of the applied filter: -signal without filter -red color, -signal with the use of filter -black color. The use of filter smooths the signal and eliminates the most of vibrations. It also introduces a delay into the control system. Filter parameters have been chosen, assuming: avoiding large vibrations and reducing the response time of the platform.
SUMMARY
The article described investigation of stabilization ball rolling on biaxial platform. The authors described mathematical model and built dedicated research stand. This allowed for performing some tests.
The best positioning accuracy of the ball for applied control method was achieved for following parameters: axis X -2 mm and for axis Y -1 mm. The average positioning errors were 20 mm (maximum error: 45 mm). The huge impact on the ball detection gives lighting. When the source of the light was hidden for a moment, the ball was not detected. Problems with image could be partially solved by replacing PSEye on the CCD camera.
Cardan joint has some backlash. The result of this is platform rotation in axis perpendicular to the plate and the movement of the ball on the plane in the way similar to the shape of loop (Fig. 8) -the ball does not come back to the set point in the same line. The implementation of the effective control algorithm allows stabilizing the ball which will move with highest speed.
